Objective: It has been firmly established that mutations in the gene for fibrillin 1, FBN1, cause Marfan syndrome (MFS). FBN1 mutations can also cause other phenotypes, such as ectopia lentis (EL) and familial isolated thoracic aortic aneurysm and dissection (FAA). When the clinical presentation is typical, diagnosis of MFS is usually easy to make. However, there can be a marked phenotypic variation between affected subjects even in one family, and making the diagnosis can be challenging, especially in childhood. The objective of this study was to test the sensitivity of conformation sensitive gel electrophoresis (CSGE) for detecting mutations in FBN1 in MFS and related phenotypes. Design: Setting up CSGE analysis for the FBN1 gene and testing the method first by screening coded samples from 17 MFS patients with previously detected FBN1 mutations. We then used a test set consisting of 46 coded samples representing MFS, related phenotypes, and controls. Results: Sixteen of the 17 known mutations were detected. Altogether 23 mutations were detected in a test set consisting of 46 coded samples representing MFS, related phenotypes, and controls. Nineteen of the mutations were novel. The mutation was detected in 18 of the 20 MFS patients and in one patient with familial EL, but not in a patient with sporadic MASS syndrome, any of the five sporadic annuloaortic ectasia (AAE) patients, or any of the 15 controls. A FBN1 mutation was detected in four members of a multigeneration family with AAE, however. Conclusions: These results indicate that CSGE is highly sensitive for the detection of mutations in FBN1, and that molecular diagnostics is a useful means of confirming clinical diagnoses of MFS and related disorders. Further careful investigations are needed, however, in order to correlate the interfamilial and intrafamilial clinical variabilities of fibrillinopathies and mutations in FBN1.
M
arfan syndrome (MFS, MIM 154700) is inherited in an autosomal dominant manner and is one of the most common connective tissue disorders, [1] [2] [3] with an estimated incidence of about 1:5 000-1:10 000 in all ethnic groups. MFS is clinically highly variable and characterised mainly by the involvement of cardiovascular, skeletal, and ocular systems. Cardiovascular defects, gradual aortic dilatation leading to rupture or sudden aortic dissection, are the most severe complications, and mitral valve regurgitation and prolapse are also common. Skeletal defects typically include overgrowth of the long bones, leading to disproportionally tall stature and long fingers. MFS patients may also have kyphoscoliosis, pectus deformities, and a high arched palate. Ocular defects include ectopia lentis and myopia. Because of the clinical variability, it has proved difficult to establish a diagnosis of MFS. For this reason, there have been repeated discussions on the diagnostic criteria for MFS, the most recent agreement having been reached in 1996. 4 About 200 mutations have already been characterised in the gene for fibrillin 1 (FBN1, MIM 134797) in patients with MFS (HGMD, The Human Gene Mutation Database, Cardiff; http:// archive.uwcm.ac.uk/uwcm/mg/search/127115.html). In addition, a few FBN1 mutations have been described in patients with related phenotypes such as isolated ectopia lentis (EL, MIM 129600), 5 familial isolated thoracic aortic aneurysm and dissection (FAA), 6 7 and overlap connective tissue disease or MASS syndrome (MIM 604308). 8 The Marfan-like connective tissue disorder (MFS2, MIM 154705) has the clinical characteristics of classical MFS, but displays linkage with markers at 3p25-p24.2. [9] [10] [11] Annuloaortic ectasia (AAE), also known as Erdheim cystic medial necrosis of the aorta (MIM 132900), is defined as autosomal dominant aortic dilatation/dissection without skeletal or ocular manifestations. 12 No molecular background is known for AAE.
Fibrillin 1 is the major structural component of the microfibrils that link together the different extracellular matrix components in most connective tissues, providing support for the organs and anchor cells for the matrix. [13] [14] [15] Microfibrils can also associate with elastin, forming elastic fibres that provide resilience and elasticity in tissues. 16 The molecular diagnosis of MFS is challenging because FBN1 is a large and complex gene estimated to be about 200 kb in size and to consist of 65 coding exons. 17 18 In addition, most MFS patients have private mutations that have been shown to be located throughout the gene. An exception is formed by neonatal MFS, a lethal form of the disease in which most mutations occur in the "neonatal region" located in the middle part of the gene and comprising exons 24 to 32. 5 19 The mutations causing MFS can be divided into three major categories. The first one, accounting for the majority, consists of missense mutations in the EGF-like domains that disrupt either an amino acid in the consensus sequence for calcium binding or one of the six highly conserved cysteine residues. 15 The other two categories consist of splicing mutations and mutations causing premature translation termination. No obvious correlation exists between the phenotype and genotype, however, despite the different nature of the mutations.
We report here on a systematic effort to determine the correlation between clinical and molecular diagnoses and to test the sensitivity of conformation sensitive gel electrophoresis −277  595  60  R1RC  5′-ACGAACGGGGTGGGGACTAAACAAC  +154  2  R2F  5′-GGCCATCTCTTCCTCTTCTTCTTTTTTTTAAAGTATGG  −60  227  60  R2R  5′-CAAAAGGCCACATTCTAAGGCTC  +84  3  R3F  5′-GATAGCAAAGTTCGTGAGGGACCTGAG  −115  347  50  R3R  5′-GGCAGAACAGAGAAGGCAGATG  +133  4  R4FN  5′-TGTGAGCTGTTGCCAATCTATG  −64  249  55  R4RN  5′-CGAAGAAAATCCATCAGCACTTATCTC  +89  5  R5F  5′-CCTTCCAGAGGACCACAAGTGTTAC  −79  269  60  R5R  5′-CAGGAAGTAGCCATGCAGACC  +94  6  R6F  5′-CCTCTGCATGATGGTTCCTGC  −61  309  55  R6R  5′-CCAGAGCAAATAAGATTAATCCATTAATAATTCC  +50  7  R7F  5′- 20 The results show that CSGE is sensitive and specific for this purpose. As previously established, FBN1 mutations have been shown to be responsible for MFS as defined according to the revised clinical criteria, 4 and the present results also indicate that molecular diagnosis can be a most valuable tool for assessing carrier status in family members who do not have a typical clinical presentation of MFS, and for defining the diagnoses of Marfan-like syndromes.
METHODS

Subjects
Seventeen DNA samples from MFS patients with previously identified mutations were obtained from the Department of Human Molecular Genetics, National Public Health Institute, Helsinki, Finland, and a set of 46 DNA samples from the Clinical Genetics Unit, Helsinki University Central Hospital, which consisted of 20 samples from 13 sporadic and seven familial MFS patients, nine samples from AAE patients (five sporadic and four familial cases), one sample from a sporadic MASS patient, and one sample from a multigeneration EL family, together with 15 control samples representing five unrelated subjects, two spouses, and eight first degree non-manifesting relatives, that is, parents or sibs. The age range of the affected subjects was 7 to 61 years, and that of the controls 22 to 65 years. Patient evaluation included a clinical history and physical examination, and cardiovascular and ophthalmological consultations. Diagnosis of MFS was based on the revised diagnostic criteria. 4 A signed consent form was obtained from all the subjects. Characterisation of the FBN1 gene About 40 to 60 bp of the sequences flanking the target sequence, an exon, and splicing consensus sequences are typically required for optimal sensitivity of mutation analysis by CSGE. 20 When the study was initiated, only partial sequences were available for most of the exon boundaries. 17 For this reason, several PCR primer pairs were designed from FBN1 to screen BAC libraries (Genome Systems Inc). Exon boundaries were sequenced directly from the BAC clones with exon specific primers (ABI PRISM TM 377 Sequencer or ABI PRISM TM 3100 Sequencer and BigDye Terminator Cycle Sequencing Kit, Applied Biosystems), and some intronic sequences were amplified with a long range PCR kit (DyNAzyme EXT Validation Kit, Espoo, Finland).
Analysis of the FBN1 gene PCR primers were designed to amplify all 65 coding exons and the boundaries of the human FBN1 gene. The PCR products varied in length between 199 and 595 bp, and the primers were designed so that each PCR product contained at least 40 to 60 bp of the exon flanking sequences at each end of the product (table 1) . The PCR amplifications were done using 40 ng of genomic DNA, 0.25 µmol/l of forward and reverse primers, 1.5 µmol/l MgCl 2 , 0.2 mmol/l dNTPs, and 1 U of AmpliTaq Gold polymerase (Applied Biosystems). The PCR conditions consisted of initial denaturation at 95°C for 10 minutes, followed by 35 cycles at 95°C for 25 seconds, 54-65°C for 25 seconds, and 72°C for 35 seconds, and a final extension at 72°C for 10 minutes. The PCR products were then denatured at 95°C for five minutes and annealed at 68°C for 30 minutes to generate heteroduplexes for analysis by CSGE. About 20 ng of the products was used for CSGE analysis. The conditions for CSGE analysis were essentially the same as described previously. 20 Sequence variations that were observed as heteroduplexes in CSGE analysis were identified by automated sequencing as indicated above. Before sequencing, the PCR products were treated with exonuclease I to degrade the residual PCR primers and shrimp alkaline phosphatase to dephosphorylate the residual nucleotides. (table 3) . In addition to the mutation, patient 6 is heterozygous for a polymorphism (IVS25+55-+60del TCTTTA). The same polymorphism is present in control sample 2 (c2). c, control.
a PCR screen of the genomic libraries with two primer sets (R6F and R6R, and R8F and R8R, table 1) from this region was performed. The screening did not yield any positive clones. In addition, no PCR products were obtained from this region using long range PCR and various primer combinations. These results suggested that at least some of the introns in this region are large. Altogether about 73 000 bp of the gene was sequenced. About half of the introns were sequenced completely, and at least about 200 bp of boundaries were determined for the rest of the exons. A complete sequence for the human FBN1 gene has recently been released to the public databases (GenBank accession No AC022467 and AC084757, Celera gene ID hCG38745). Comparison of our sequence with these did not show any major differences. Our results and the sequence data from the databases indicated that the gene is about 240 000 bp in size (table 2) .
Mutation analysis
The first stage of the analysis included designing and testing the PCR primers (table 1), followed by testing of the PCR products by CSGE. Once the optimal conditions had been found, CSGE was tested for sensitivity using the set of 17 samples from unrelated MFS patients with previously characterised FBN1 mutations. The samples were coded and analysed anonymously. All 65 coding exons and exon boundaries in each sample were amplified and subjected to mutation analysis. A unique CSGE pattern was seen in 16 of the 17 samples (fig 1) , and sequencing of the samples confirmed that these patterns were the result of mutations (table 3) . No mutation was found in sample 15 by CSGE. This mutation, a three exon deletion, had been previously identified by single strand conformation polymorphism (SSCP) analysis of cDNA. 22 The second set consisted of 46 samples from MFS patients, related phenotypes, and controls, which were again coded and analysed anonymously. In addition, the number of patients versus controls in this set was not revealed until the analysis had been completed. All 65 coding exons and exon boundaries in all the samples were amplified by PCR and analysed for heteroduplexes by CSGE. All the samples with heteroduplexes were sequenced to identify the underlying sequence variation. No false positives were detected by CSGE, and most of the sequence variations, altogether 28, were either new or previously reported neutral ones (table 4). The analysis identified 23 mutations altogether (table 5). The sample set consisted of 13 patients with sporadic and seven with familial MFS, nine patients with AAE, one with EL, one with MASS phenotype, and 15 controls. The parents of the 13 sporadic patients were found on physical examination to be unaffected, and the family histories were negative. The seven familial MFS patients were from three families: a 63 year old mother with her 32 year old daughter and 34 year old son, a 39 year old mother and her 12 year old daughter, and 11 and 12 year old sibs of healthy parents, previously reported as a case with probable gonadal mosaicism. 23 Mutations were found in 18 of the 20 MFS patients (table 5) . Retrospectively, one of the MFS patients with no detectable mutation was probably a case of Ehlers-Danlos syndrome of undefined type, with mild joint hypermobility, slight aortic root dilatation, and aortic and mitral valve insufficiencies. A mutation was also detected in the patient with EL, but not in the patient with the MASS phenotype. No mutations were found in the five sporadic AAE patients. The AAE family of four members with the same FBN1 mutation Y2474C (table 5) is instructive. The proband had been referred for genetic counselling for aortic dissection at 32 years of age. He was 197 cm in height, had long extremities, normal ophthalmological findings, and no other MFS diagnostic criteria. He had three sibs. His sister, who was 5 years older, was 182 cm in height and had mild aortic dilatation (39 mm) on cardiac ultrasound examination at 40 years of age, but no other MFS criteria. She had three children, of which the oldest was an 8 year old healthy but tall daughter, +3.2 SD in height for Finnish girls. The younger sister of the proband was 180 cm tall, myopic, and had a normal aorta at 38 years of age, while the father of the proband, aged 64 years, had diabetes, was 184 cm in height, had long extremities, and minimal dilatation (45 mm) of the aortic root, but no other MFS criteria on careful evaluation. The proband had a paternal cousin one year older who had undergone aortic replacement at 35 years of age on account of dilatation. On examination, this cousin had borderline physical findings of MFS but normal ophthalmological findings. The DNA of the two latter family members was not available for analysis. Thus, based on the current criteria, none of the subjects examined had MFS, and AAE was the most likely diagnosis for the family. Since a demonstrable mutation in FBN1 was one of the major diagnostic criteria, however, the proband, at least, definitely had MFS.
After opening the codes, all 65 coding exons and exon boundaries in the samples for the two patients, one with MFS and the other with MFS-like EDS, in whom no mutations had been detected by CSGE, were reanalysed by both CSGE and sequencing, but this reanalysis failed to detect any mutations.
DISCUSSION
The aim here was to test the usefulness, sensitivity, and specificity of CSGE for the detection of FBN1 mutations in MFS and related disorders. There have been several reports on FBN1 mutation screening, in which the lowest detection rates, about 10%, have been mentioned when screening has taken place at the cDNA level, 22 24 while markedly higher rates have been obtained when genomic DNA has been used as a template. Four studies have been conducted using well characterised MFS patients and various mutation screening methods: mutation detection enhancement gels, 25 single strand conformation polymorphism (SSCP), 26 denaturing HPLC, 27 and a combination of SSCP with heteroduplex analysis, enzyme mediated cleavage, and direct sequencing. 28 The mutation detection rate has varied from 50% 28 to 76% 27 or 78%. 25 26 There are a number of factors that affect the detection rate, one of the most important of which is the clinical diagnosis. It is now well established that MFS is caused by FBN1 mutations, but these are not a common cause of MFS related phenotypes. 27 Secondly, the type of mutation can affect the detection rate. The vast majority of FBN1 mutations are missense or nonsense mutations, which are detectable by most screening methods, except for the mutations causing premature translation termination, which are typically associated with mRNA decay and thus cannot be detected by methods that make use of cDNA. The FBN1 gene was found to be about 240 kb in size, and thus even larger than had previously been estimated. 18 As the introns are large, most mutation screening methods require each exon to be analysed separately. This approach will naturally not detect large, multi-exon rearrangements. The exact proportion of such mutations is not known, but entries in the database suggest that they make up only about 1-2% of all FBN1 mutations.
The third factor is the sensitivity of the screening method. No definitive sensitivity estimates are available for most methods, but the SSCP detection rate has been reported to range between 35 and 95%. [29] [30] [31] CSGE detected mutations in 16 out of the present 17 MFS patients with known mutations (94%). The single mutation that was not detected had been previously shown to have a multi-exon deletion by SSCP analysis of cDNA, 22 a mutation type that could not be detected by most screening methods using genomic DNA. In the second set of samples, CSGE detected mutations in 18 of the 20 patients with MFS (90%). Thus, the overall detection rate of the method can be estimated to be over 90%, since it detected mutations in 34 out of 37 patients with MFS. Reanalysis of the patient with definitive MFS and the patient with MFS-like EDS by CSGE and sequencing failed to detect any causative mutation, possibly indicating a multi-exon rearrangement or genetic heterogeneity. In addition, all the heteroduplexes detected by CSGE were verified as resulting from sequence variations, indicating a high specificity for the method. The finding of a high sensitivity and specificity for CSGE is supported by our previous results, when we tested the method for detecting sequence variations in six collagen genes, COL1A1, COL1A2, COL2A1, COL3A1, COL9A1, and COL9A2. 20 All the previously identified 75 sequence variations were detected by CSGE in that study, and the method detected 223 new sequence variations, which were all confirmed by sequencing, indicating a specificity and sensitivity of 100%. 20 It is likely, however, that this estimate is too high, because it is impossible to test sequence variations in all possible sequence contexts. Nevertheless, these results should be applicable to FBN1 screening, because like FBN1, collagen genes are also large, consist of multiple exons, and contain repetitive sequences.
MFS is usually easy to diagnose in cases of typical clinical presentation, and there is no need for molecular diagnosis. It can be difficult to establish a definite MFS diagnosis in childhood, however, and occasionally in adult patients as well. It is also known that extensive phenotypic variation can occur in MFS, even within one family, and that not all family members will have MFS that meets the diagnostic criteria at the time of examination, even though they may carry a FBN1 mutation. Molecular diagnosis could thus also benefit these subjects. This hypothesis was supported by the present findings, in that CSGE identified mutations in two members of one AAE family with some MFS findings. One of the members was a clinically unaffected 8 year old girl and the other her 43 year old mother, who had only minimal aortic dilatation.
To our knowledge, FBN1 mutation has only been reported in one family with EL, 5 32 the members of which expressed skeletal features but no cardiovascular ones, and therefore the phenotype has not been accepted as isolated EL (MIM 154700, FBN1 allelic variant, 0015). Only one patient with EL from a multigeneration family was included in this series as other family members were not available for the study. Based on the clinical records only, none of them had MFS. Therefore, the possibility cannot be excluded that minor skeletal features from the list of diagnostic criteria for MFS could have been detected in members of the family, but the finding that EL, as the major clinical feature, was caused by a mutation in FBN1, is without doubt significant.
